Abstract-Consider a device-to-device (D2D) link which utilizes the mode selection to decide between the direct mode and cellular mode. This letter investigates the impact of mode selection on effective capacity (EC)-the maximum sustainable constant arrival rate at a transmitter's queue under statistical quality-ofservice constraints-of a D2D link for both overlay and underlay scenarios. Due to lack of channel state information, the transmit device sends data at a fixed rate and fixed power; this fact combined with mode selection makes the D2D channel a Markov service process. Thus, the EC is obtained by calculating the entries of the transition probability matrix corresponding to the Markov D2D channel. Numerical results show that the EC decays exponentially (and the gain of overlay D2D over underlay D2D diminishes) with the increase in estimation error of the pathloss measurements utilized by the mode selection.
are summarized here. Yang et al. [3] study the impact of user density, transmit power, and link distance on the capacity of cooperative (relay-assisted) D2D links. Mustafa et al. [4] computes the average coverage probability of a cellular user, in the presence of a number of potential D2D pairs. The authors in [5] discuss the separation of the control and data planes to enable D2D communication for 5G networks. Mahmood et al. [6] study the mode selection problem whereby a D2D link decides between the direct mode and cellular mode.
The effective capacity (EC), on the other hand, is the maximum sustainable constant arrival rate at a transmitter (queue) in the face of a randomly time-varying (channel) service, under quality-of-service (QoS) constraints [7] . EC has attracted significant attention; to date, EC-based QoS-constrained performance analysis has been carried out for cognitive radio channels [8] , [9] , systems with various degrees of channel knowledge at the transmitter [10] , two-hop systems [11] , [12] , and correlated fading channels [13] .
Very recently, a couple of works on EC analysis of D2D have emerged. For a given QoS constraint, [14] proposes various optimal and sub-optimal power allocation schemes to maximize the EC for both D2D and cellular links operating in underlay mode and overlay mode, respectively. Reference [15] extends the work in [14] by performing the EC analysis when the cellular users and D2D users have different QoS requirements. Finally, [16] performs the EC analysis for a D2D link that is used to offload the WiFi traffic. However, to the best of the authors' knowledge, the impact of mode selection on EC of the D2D communication has not been studied in the literature.
Outline: Section II introduces the system model and the EC concept. Section III describes a feature-based mode selection method. The impact of mode selection on EC of overlay and underlay D2D is analyzed in Section IV. Section V provides numerical results. Section VI concludes this letter.
II. SYSTEM MODEL AND BACKGROUND

A. System Model
Consider the coverage region of a single cell consisting of two pairs of UEs forming two communication links (see Fig. 1 ). The first pair of UEs operates in cellular mode, i.e., the transmit UE (U T ) communicates with the receive UE (U R ) via the eNodeB (eNB). We term the second pair of UEs as D2D candidate pair, whereby the transmit UE (D T ) could communicate with the receive UE (D R ) either directly (direct mode) or via the eNB (cellular mode). This problem of selecting between the direct mode and cellular mode (at D T ) during every time-slot is known as mode selection [2] .
The D2D communication consists of two distinct scenarios: overlay and underlay. In the former, the eNB allocates orthogonal resource blocks (i.e., sub-carriers, time-slots) to the D2D pair and the cellular pair, while in the latter, the D2D pair reuses the resource blocks of the cellular pair.
We further assume that: i) all channels are block-fading channels with Rayleigh distribution; ii) the eNB employs decode-and-forward (DF) strategy to relay the transmission of an UE to the corresponding receive UE when the pair of UEs operates in cellular mode; iii) the system is time-slotted with τ second long time-slots.
B. Background: Effective Capacity (EC)
The EC is defined as the log moment generating function (MGF) of the cumulative service process S(t) in the limit [7] :
where E[.] is the expectation operator and S (t) = 
III. MODE SELECTION
A. Binary Hypothesis Testing (BHT) Problem
The mode selection problem for the D2D link for uplink transmission is defined as the following BHT:
The proposed mode selection method utilizes the pathloss as the sole feature to construct the BHT. Thus, the mode selection decides the direct mode when the pathloss of the D2D link is lower than the pathloss of the D T → eNB link, and vice versa. However, note that one could also utilize other physical-layer features, e.g., distance, received signal strength, signal-to-noise ratio (SNR), and instantaneous channel capacity [6] .
LetL denote the noisy measurement of L, the pathloss. Assume thatL ∼ N (L, σ 2 ), where σ 2 is the variance of the estimation error. Also, let
Let π(0) and π(1) represent the prior probability of H 0 and H 1 , respectively. Then, the mode selection problem 1 is 1 Since this letter utilizes the pathloss as the sole feature, the mode selection needs to be carried out once every few seconds (when the pathloss changes).
formulated as the following BHT problem (basically, a loglikelihood ratio test): (1) and η = log e (δ).
Note that for the case of equal priors, log e δ = 0 (and thus η = 0, which implies that the BHT simply checks the sign of test statistic T). 2 
B. Performance of the BHT
The performance of the BHT is quantified via two error probabilities. The probability of type-I error is given as:
where
2 dt is the complementary cumulative distribution function (CDF) of N (0, 1). Similarly:
). Additionally, the Kullback-Leibler divergence (KLD) is a measure of how reliable the feature measurements are (and thus, the BHT).
IV. EFFECTIVE CAPACITY ANALYSIS
We assume that channel state information at transmitter (CSIT) is not available at D T . Thus, D T transmits data to D R at a fixed rate r (bits/sec), and with a fixed average transmit powerP . In short, due to mode selection and no CSIT at D T , the D2D link could be modelled as a Markov process.
A. Markov Chain Modelling of Overlay D2D
Let C d (k ), C c (k ) represent the instantaneous channel capacities (bits/sec) of the D2D link for the two hypotheses (direct mode, cellular mode), during slot k. When r < C d (k ) (r < C c (k )), the direct link (cellular link) conveys r bits/sec and is in ON condition. Otherwise, the D2D link conveys 0 bits/sec and is in OFF condition. 3 This leads to the following four-state Markov process:
We now compute the two channel capacities as follows:
B log 2 (1 + γc) (6) 2 In line with prior work [6] , this letter assumes that the mode selection is carried out at the eNB, and the outcome is broadcasted to the D2D candidate pair (D T , D R ) on the downlink control channel. 3 When the D2D link is in OFF condition, the bits need to be retransmitted, e.g., using the automatic repeat request mechanism.
where C ul and γ ul are the capacity and SNR of the uplink (D T → eNB ) channel, respectively; C dl and γ dl are the capacity and SNR of the downlink (eNB → D R ) channel, respectively; γ c = min{γ ul , γ dl } is the net SNR of the cel- are the channel coefficient and pathloss between eNB and D R , respectively; N 0 is the noise variance at the eNB and D R ; B is the bandwidth; andP eNB is the average transmit power of the eNB. The pre-log factor of 1/2 in (6) is due to the fact that D2D communication in cellular mode consumes two slots.
For the states s 1 , s 2 , s 3 , s 4 defined earlier, p i,j = [P] i,j is the transition probability from state i to state j, with P as the transition probability matrix. The state of the D2D link changes after time τ (due to block fading). Next, we compute the state transition probabilities, starting with.
This can be equivalently expressed as: (8) where γ req = 2 r /B − 1. Since the mode selection process {T } k is independent of the fading process {γ d } k , we can write:
Furthermore, we observe that both mode selection process {T } k and fading process {γ d } k are memoryless, as they change independently from one slot to another. In other words, P (H 0 (k )|H ν (k − 1)) = P (H 0 (k )) for ν ∈ {0, 1}, and
can see that the transition probability p 1,1 does not depend on the original state. Therefore p i,1 = p 1 . Similarly,
). Note that γ c (k ) is an exponentially distributed random variable (R.V.) as well (because minimum of two exponentially distributed R.V.s is also an exponential R.V.). Thus,
. With this, each row of P becomes: p 2 , p 3 , p 4 ]. Note that P has rank 1 due to identical rows.
B. Effective Capacity of Overlay D2D
We utilize the following result [17] :
which states that for a Markovian service process S(t), the log-MGF is given as sp(Φ(θ)P). Here, sp(A) is the spectral radius of matrix A and Φ(θ) is a diagonal matrix containing the MGFs of the processes in the four states. Since s(k ) = r τ bits for states s 1 , s 3 and s(k) = 0 bits for states s 2 , s 4 , the MGFs of the four states are e θr τ , 1, e θr τ , 1, respectively. Thus, Φ(θ) = diag(e θr τ , 1, e θr τ , 1). Since Φ(θ)P is a matrix of unit-rank, finding its spectral radius is equivalent to finding its trace. Thus, sp(Φ(θ)P) = (p 1 + p 3 )e θr τ + p 2 + p 4 . Then, the effective capacity (bits/sec) is:
Note that the eNB could further compute the optimal rate r * as: r * = arg max r >0 EC and convey it to D T . Moreover, r * is recomputed whenever the pathloss of the D2D link or (D T → eNB ) link changes (say, due to mobility of the D2D pair). Finally, when the D2D link and (D T → eNB ) link experience more or less the same pathloss (i.e., m T → 0), mode selection collapses, and thus, (13) does not hold.
Remark 1:
The cellular mode for D2D implies two-hop communication, and thus, two queues (at D T and eNB). To this end, we assume that the problem of overflow of (finitesized) queue (due to backlog of bits due to transmission errors) arises at D T only. That is, we assume that the eNB knows the perfect CSI h c,2 , has infinite-sized queue (memory), and P eNB >P ; therefore, no backlog develops at the eNB. Under this setting, the definition of EC in (1) remains valid [12] .
C. Effective Capacity of Underlay D2D
In the underlay scenario, D R observes interference from U T ; therefore, we compute the signal-to-interference-plusnoise ratio (SINR) at D R in order to compute the two channel capacities (5), (6) . When the D2D link operates in direct mode, the SINR is given as:
, where
. Here, h U T ,D R and L U T ,D R represent the channel coefficient and pathloss between U T and D R , andP U T is the average transmit power of U T . When the D2D link operates in cellular mode, the SINRs on uplink and downlink are respectively given as:
. Here, h U T ,eNB and L U T ,eNB represent the channel coefficient and pathloss between U T and eNB. Note that the computation of EC in (13) requires re-computation of the four probabilities p 1 , p 2 , p 3 , p 4 . To this end, we consider an interference-limited scenario whereby we neglect noise to obtain the following signal-to-interference ratio (SIR) expressions: 
, which allows us to compute p 1 and p 2 in (10), (11) . As for p 3 
and ν = L c,2 /P eNB . Since Υ ul and Υ dl are independent R.V.s, the CDF of Υ c is:
, which allows us to compute p 3 and p 4 in (10), (11).
V. NUMERICAL RESULTS A cell with radius of 700 m is considered, and the two pairs of UEs are placed inside the cell according to the uniform distribution. To obtain pathloss measurements for mode selection, the pathloss model in [18] was used: L(d ) = 36.3 + 37.6 log 10 (d ). We set B = 10 kHz, and τ = 0.1 sec. Finally, we set π(0) = π(1) = 0.5 which implies P e,1 = P e,2 . Figure 2 (a) demonstrates that the mode selection could sustain pretty large estimation errors, i.e., P e,1 does not grow until σ T > 10.5. Next, Fig. 2 (b) shows results of the exhaustive search for the optimal rate maximizing the EC, which is r * = 25 bits/sec (regardless of the QoS constraint level θ). VI. CONCLUSION This letter investigated the impact of mode selection on the EC of a D2D link. The derived analytical expression of the EC, as well as simulation results, reveal that the EC decreases exponentially fast as the pathloss measurements become more noisy. Thus, designing efficient estimators (of the features considered by the mode selection) meeting the CRB is of paramount importance. Additionally, for fixed σ T and θ, the expression in (13) further allows us to compute the optimal (fixed) rate r * which maximizes the EC.
